This paper demonstrates the enhanced photoacoustic sensing of surface-bound light absorbing molecules and metal nanoparticles using a one-dimensional photonic crystal (PC) substrate. The PC structure functions as an optical resonator at the wavelength where the analyte absorption is strong. The optical resonance of the PC sensor provides an intensified evanescent field with respect to the excitation light source and results in enhanced optical absorption by surfaceimmobilized samples. For the analysis of a light absorbing dye deposited on the PC surface, the intensity of photoacoustic signal was enhanced by more than 10-fold in comparison to an unpatterned acrylic substrate. The technique was also applied to detect gold nanorods and exhibited more than 40 times stronger photoacoustic signals. The demonstrated approach represents a potential path towards single molecule absorption spectroscopy with greater performance and inexpensive instrumentation. V C 2014 AIP Publishing LLC. [http://dx
Photoacoustic (PA) spectroscopy has attracted great interest since the mid-1970s due to its capability to noninvasively monitor light absorbing analytes over substantial ranges of concentrations. [1] [2] [3] [4] Although laser-based PA detections exhibit a higher sensitivity as compared to optical absorption measured directly by transmission spectroscopy, it is always desirable to improve the signal-to-noise ratio to accurately quantify trace amounts of molecules. To maximize the signal-to-noise ratio of PA measurements, a variety of approaches have been studied for the purpose of amplifying acoustic output and suppressing noise. The reported signal enhancements arise from two major effects: acoustic resonance and optical resonance. [5] [6] [7] [8] [9] Notably, optical resonancebased methods utilize cavities, formed by high reflectivity mirrors or micro-/nanostructures, to increase optical path length and to result in enhanced absorption by the target molecule residing inside the cavity. 10 To address the challenge of measuring solid substance at low concentrations or with low absorption coefficient, we propose to use a one-dimensional photonic crystal (PC) structure to increase light absorption and to generate a stronger PA output consequently. The PC substrate, comprised of a periodically nanostructured dielectric thin film, supports guided-mode resonance (GMR), also known as a leaky mode. [11] [12] [13] The GMR effect occurs when the PC substrate is illuminated under resonance conditions and leads to intensified local field with respect to the electric field strength of the incident light. By spectrally overlapping a GMR resonance wavelength with the absorption band of the analyte, one can obtain an increase in the optical absorption. Previous publications have demonstrated the application of a PC substrate for fluorescence-based detections. [14] [15] [16] [17] Several compelling features of the PC are of practical importance for the development of an enhanced detection scheme to be used in PA analysis. The PC structure can be tailored to tune the GMR wavelength from visible to mid-infrared, and thus the GMR wavelength can align with the absorption bands of a wide variety of substances. [18] [19] [20] It is inexpensive to fabricate large surface areas of PC substrates using optically transparent materials and to incorporate them into a PA detection instrument. In addition, the PC substrate is made using polymer material with low thermal conductivity that prevents heat dissipation and ensures strong PA signal output. This Letter reports design and experimental characterization of a PC sensor for enhanced PA detection of organic dye molecules and metal nanoparticles (NPs).
A cross-sectional diagram (not to scale) of the PC structure adopted for the PA experiment is shown in Fig. 1(a) . The 1D PC, comprised of a linear grating surface structure, was fabricated using a nanoreplica molding process approach that has been described in detail previously. 21 Briefly, a silicon mold bearing a grating pattern was fabricated by electronbeam lithography and reactive ion etching, with surface area of 2 mm Â 2 mm. Liquid ultra-violet curable epoxy (UVCP, NOA 85, Norland Product Inc.) was squeezed between the silicon mold and a transparent acrylic film and was solidified by exposing to UV light through the plastic substrate. Once separated from the silicon mold, the substrate film with the cured epoxy (refractive index, n UVCP ¼ 1.46) carried a grating pattern with a period of K ¼ 400 nm, duty cycle of 60%, and a depth of d ¼ 60 nm. The grating surface was coated with a 100 nm titanium dioxide (TiO 2 ) dielectric film using an electron beam evaporator. The TiO 2 thin film (refractive index, n TiO2 ¼ 2.0) provided light confinement for the GMRs. The design parameters were chosen to maximize the strength of optical resonance at the excitation wavelength and to provide strong local field intensity at the PC surface.
A schematic of the detection instrument is shown in Figure 1 
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Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP: 129.186.100.217 On: Thu, 04 Aug (M1) mounted on a translation stage, a convex lens, a second mirror (M2), and a PA analysis module (PAC 200 MTEC Photoacoustic Inc.) that incorporates the PC substrate. During the test, the output power of the HeNe laser was kept at 5 mW. The chopper modulated the laser emission with a square wave pattern at a frequency of 13 Hz. To excite a GMR at the desired wavelength (632.8 nm), the excitation light should illuminate the PC substrate at a specific angle of incidence. In the system, the mirror (M1) and the convex lens were utilized to tune the incident angle, defined in the direction perpendicular to the orientation of the grating. The convex lens with a focal length of 150 mm was fixed at a position so that its focal point was exactly on the sample. Translation of the M1 enabled adjustment of the incident angle from À7.2 to 7.2 . As the excitation light was efficiently coupled into the GMR, the intensified near field on the PC surface occurred and consequently generated a stronger photothermal effect.
The PA detection experiments require a sealed chamber to eliminate the ambient vibration noise. To combine the PC and the chamber, we attached the PC sensor onto an acrylic window that sealed the chamber with the PC facing the inside of the chamber. An acoustic transducer, a microphone (4176, Br€ uel & Kjaer A S = ), was connected to the chamber to measure photoacoustic pressure oscillations. During the experiments, light absorbing materials coated on the PCs absorbed light energy and generated pressure oscillations in the atmosphere of the chamber due to absorption induced heating. These pressure oscillations were converted to a voltage output by the microphone and were subsequently quantified using an oscilloscope (TDS2000, Tektronix). In the experiment, PA outputs were calculated by averaging voltage amplitudes in the waveforms obtained from the oscilloscope.
In order to characterize the enhancement performance of the fabricated PC, a PA detection experiment using a light absorbing dye was carried out on the PC substrate. The PC substrate was cleaned with isopropyl alcohol, de-ionized (DI) water, and dry N 2 , and the organic dye (Epolight 5262, Epolin Inc.) was dissolved in methanol and made up to concentrations in the range from 50 lg/ml down to 1 lg/ml. The dye solutions were drop-cast on the substrates and dried before use. To identify the resonant angle, we measured the laser transmission efficiency through the PC as a function of incident angle (h i ) as shown in Figure 2 , where the dip in the transmission curve corresponds to the resonant angle (h r ), in this case h r ¼ 3.5
. Plotted as the red curve in the same figure is the PA signal from 5 lg/ml dye absorbed on the PC surface. Figure 2 clearly illustrates how the optical resonance (low transmission efficiency) results in a stronger PA output. After the subtraction of background signal, the PA signal at h r ¼ 3.5 is 5.8 V that is more than 10Â higher than the PA signal measured away from this angle. Furthermore, Figure 3 shows the PA signals measured using a 2-fold dilution series of a total of six dye concentrations in the aforementioned range of concentration. In Figure 3 , the red curve represents PA signals measured under resonance condition, when the GMR was excited at the angle of incidence of h r ¼ 3. 5 . As a reference, the black curve in Figure 3 shows the PA signal   FIG. 1. (a) Schematic cross section of the PC structure (not to scale). The grating structure is fabricated using replica-molding process with period and duty cycle of 400 nm and 60%, respectively. (b) Complete optical layout of the experimental set-up. Linear polarized laser excitation at 632.8 nm was intensity modulated by a mechanical chopper wheel and reflected by a mirror (M1) that is translated horizontally to adjust the angle of incidence. A long-focus lens was used to focus the laser beam onto the PC sensor located on the topside of the PA chamber. The diameter of the focused laser spot was around 80 lm. outputs of the dyes when the HeNe laser illuminated the PC under "off-resonance" condition (h i ¼ 7
). At the dye concentrations below 20 lg/ml, both curves vary linearly in terms of dye concentration. In this linear range, the sensitivity is 1.25 V/(lg/ml) when the PC is on resonance as compared to 0.18 V/(lg/ml), when it is off resonance, resulting in an averaged enhancement of 7-fold. Figure 3 clearly demonstrates that the PC enhancement provided easily distinguishable PA outputs and an extended range of quantification for the dyes at low concentrations. At higher concentrations, the PA signal started to saturate and the enhancement factor was reduced to 5.3 because the loss induced by the absorption of dye molecules quenched the PC resonance and reduced the PC enhancement factor.
Having demonstrated the PA signal enhancement of PC substrate to organic light absorbing molecules, we next exploited the PC resonance for the PA detection of metal NPs immobilized on the PC surface. Due to the localized surface plasmon resonance, the metal NPs exhibited tunable absorption in visible and near IR wavelength range. 22 Finite difference time domain (FDTD) simulation was utilized to calculate the near field distributions upon the PC sensor, which was coated with metal nanoparticles. The crosssectional views of electric field intensity for a gold nanoparticle (AuNP) on a flat acrylic substrate, a blank PC sensor, and an AuNP on PC sensor are shown in Figure 4(a) . The dimensions of the simulated PC structure are specified in Figure 1 (a) and the gold nanoparticle has an axial diameter of 25 nm and length of 60 nm. In the FDTD simulation, the incident field was set as a plane wave propagating towards the PC surface at the resonant wavelength of k r ¼ 632 nm and the coupling angle of h r ¼ 0 . The periodic boundary conditions were used in the grating plane to define the computational region. The scale bars on the right side represent resonant electric field intensity (|E| 2 ) levels normalized with respect to the incident electric field intensity. As shown in Figure 4(a) , the evanescent field within a hundred-nanometer range above the PC surface is significantly enhanced. The resonant field of the PC sensor is not significantly disturbed by the presence of the AuNP and the field intensity near the AuNP is further intensified due to the plasmonic resonance. Figure 4 (b) compares the calculated absorption spectrum of AuNPs on PC and acrylic substrates. At the resonant wavelength, the   FIG. 3 . PA signal intensity for a dilution series of absorbing dyes deposited on a PC substrate. The PC substrate was illuminated at 3.5
as the on resonance case (red triangle) and at 7
as the off resonance case (black square). absorption of AuNPs on the PC substrate becomes 60Â stronger than the same AuNPs on the planar acrylic substrate. Detection of metal NPs was characterized by depositing gold nanorods onto the PC surface. Gold nanoparticle samples were prepared by suspending gold nanorods of approximately 25 nm axial diameter (A12-25-650, Nanopartz Inc.) in DI water. To deposit the AuNPs, 10 ll spots of these samples were pipetted onto PC substrates and allowed to dry in air before measuring. A scanning electron microscopy image of PC coated with AuNPs at the concentration of 10 10 NPs/ml is shown in the inset of Figure 5 where only a few nanorods are present within a 10 lm Â 10 lm area. Figure 5 illustrates the intensity of PA signal measured as a function of the incident angle of the excitation laser. The laser was scanned from h i ¼ 0 to 7.2 and coupled into the GMR at h i ¼ 3.2 . Measured under resonant conditions, the intensity of PA signal is over 13 V that is 40Â stronger than the PA output (0.33 V) measured without utilizing the PC resonance.
The PC provides substantial increase in the PA output of AuNPs and also significant reduction in the PA detection limit. In order to demonstrate this, samples coated with AuNPs at a range of concentrations (10 12 NPs/ml, 10 11 NPs/ml, 10 10 NPs/ml, and 10 9 NPs/ml) are measured for the PC illuminated on-resonance
, and for the control acrylic slides. The measured PA signals with background subtracted are compared in Figure 6 . The lowest detectable concentration on the acrylic substrate (10 10 NPs/ml) is reduced by one order of magnitude to 10 9 NPs/ml on PC substrate. At higher concentrations, the amplification factor becomes weaker due to the quench of optical resonance caused by the absorption of AuNPs. The PC sensor offers the capability to detect less than 10 nanorods within a 100 lm 2 surface area. In summary, a 1D PC substrate has been characterized for its capability to enhance the PA signal from light absorbers deposited onto the sensor surface. The PC sensor was incorporated into a PA measurement chamber and illuminated by a HeNe laser with the angle of incidence tuned to excite the GMR. The strengthened local field associated with the resonant mode increased the optical absorption of analytes deposited on the PC and resulted in an enhanced PA signal by factors of 10Â and 40Â for the organic light absorber and the gold nanorods, respectively. The enhanced PA signal consequently reduced the detection limit of metal nanoparticles by one order of magnitude. The PC substrate demonstrated here represents a powerful and practical approach for highly sensitive PA detection and would be improved further for sensors produced over substantially large surface area with higher quality factors. In the future work, this technique will be exploited to facilitate the quantification of metal nanoparticles functionalized with recognition molecules, enabling a promising approach for diagnostic test and environmental monitoring. 6 . PA signal intensity for a dilution series of gold nanoparticles deposited on a PC substrate and an acrylic substrate, respectively. The PC substrate was illuminated at 3.2 for on-resonance (red circle) and at 7 for off-resonance (black square).
